Many species have evolved to function as specialized mutualists, often to the detriment of their ability to survive independently. However, there are few, if any, well-controlled observations of the evolutionary processes underlying the genesis of new mutualisms. Here, we show that within the first 1,000 generations of initiating independent syntrophic interactions between a sulfate reducer (Desulfovibrio vulgaris) and a hydrogenotrophic methanogen (Methanococcus maripaludis), D. vulgaris frequently lost the capacity to grow by sulfate respiration, thus losing the primary physiological attribute of the genus. The loss of sulfate respiration was a consequence of mutations in one or more of three key genes in the pathway for sulfate respiration, required for sulfate activation (sat) and sulfate reduction to sulfite (apsA or apsB). Because lossof-function mutations arose rapidly and independently in replicated experiments, and because these mutations were correlated with enhanced growth rate and productivity, gene loss could be attributed to natural selection, even though these mutations should significantly restrict the independence of the evolved D. vulgaris. Together, these data present an empirical demonstration that specialization for a mutualistic interaction can evolve by natural selection shortly after its origin. They also demonstrate that a sulfatereducing bacterium can readily evolve to become a specialized syntroph, a situation that may have often occurred in nature.
Many species have evolved to function as specialized mutualists, often to the detriment of their ability to survive independently. However, there are few, if any, well-controlled observations of the evolutionary processes underlying the genesis of new mutualisms. Here, we show that within the first 1,000 generations of initiating independent syntrophic interactions between a sulfate reducer (Desulfovibrio vulgaris) and a hydrogenotrophic methanogen (Methanococcus maripaludis), D. vulgaris frequently lost the capacity to grow by sulfate respiration, thus losing the primary physiological attribute of the genus. The loss of sulfate respiration was a consequence of mutations in one or more of three key genes in the pathway for sulfate respiration, required for sulfate activation (sat) and sulfate reduction to sulfite (apsA or apsB). Because lossof-function mutations arose rapidly and independently in replicated experiments, and because these mutations were correlated with enhanced growth rate and productivity, gene loss could be attributed to natural selection, even though these mutations should significantly restrict the independence of the evolved D. vulgaris. Together, these data present an empirical demonstration that specialization for a mutualistic interaction can evolve by natural selection shortly after its origin. They also demonstrate that a sulfatereducing bacterium can readily evolve to become a specialized syntroph, a situation that may have often occurred in nature.
trade-offs | sulfate-reducing prokaryote | syntrophy | coevolution | experimental evolution F rom flowering plants and their pollinators to the microbial endosymbionts of insects, there are many examples in nature of obligate mutualists (1, 2) , or species dependent upon a mutually beneficial interaction for their survival or reproduction. How these interactions evolve is a mystery because much theory predicts that cooperative interactions should be unstable (3) and because of the difficulty of inferring evolutionary events that occurred in the distant past (4) . Although there are few, if any, empirical observations of evolution toward dependence on mutualism, there are now several examples of mutualisms evolving de novo in the laboratory (5) (6) (7) (8) . This advancement has provided researchers an experimental framework to study populations and ecological conditions in the early stages of evolution (5) (6) (7) (8) .
Here, we describe our observations of rapid and repeated evolution of increased dependency on a mutualism through natural selection. This interaction is similar to a widespread relationship between prokaryotes that plays a pivotal role in the decomposition of carbon in many oxygen-free environments. In these syntrophic mutualisms, bacteria ferment organic acids, producing hydrogen or formate as by-products, which are then used by hydrogenconsuming species, often methanogenic archaea (9) . Removal of hydrogen and formate benefits the bacteria because the free energy (ΔG) available decreases with increasing concentrations of these products (9) . A variety of bacterial species have been described that seem to be specialized for fermenting organic acids in syntrophic association with hydrogen-consuming species (10) (11) (12) (13) . Notably, most clades of characterized syntrophs share a recent common ancestry with sulfate reducers (10, 14) . Some retain vestiges of the sulfate-reducing pathway, and several lines of evidence hint at the possibility that specialized syntrophs were once sulfate reducers (11, 14) .
Sulfate-reducing bacteria gain energy from organic acids, such as lactate, in the absence of oxygen by coupling their oxidation to the reduction of sulfate to sulfide. These bacteria play a critical role in sulfur and carbon cycling, contribute to corrosion in the petroleum industry and wastewater treatment plants, and have been used for bioremediation of toxic heavy metals (15) . The ability of sulfate reducers to grow in syntrophic association with methanogens was first demonstrated in laboratory studies (16) and is now generally recognized to be of environmental relevance (17) (18) (19) . Many sulfate reducers would therefore be better described as facultative syntrophs, well adapted to environments of fluctuating electron acceptor availability (17, 20) . Past evolutionary transitions of sulfate-reducing bacteria between obligate and facultative syntrophs is also indicated by comparative analyses indicating horizontal transfer of genes in the pathway of sulfate respiration (21, 22) . Thus, the evolutionary adaptive flexibility of Significance Nature is full of species that cooperate in mutually beneficial interactions to survive. Some are completely dependent on such relationships. How and why does this specialization evolve? We show that as the bacterium Desulfovibrio vulgaris evolved for 1,000 generations in conditions forcing cooperation with the archaeon Methanococcus maripaludis, it lost a key metabolic trait that would be required for it to grow alone in most environments. Large subpopulations lacking the capacity to respire sulfate evolved in 13 of 21 replicates. Such striking parallel evolution suggests a trade-off between performance in the mutualistic environment and maintaining the flexibility to survive alone. This result may explain why sulfate reducers share a common ancestor with many species specialized for cooperation with methanogens.
sulfate-reducing bacteria suggests that they offer an attractive experimental system to study the evolution of mutualism.
To understand how mutualisms, and syntrophic interactions in particular, might evolve from their origin, we paired the sulfatereducing bacterium, Desulfovibrio vulgaris Hildenborough, with the archaeon, Methanococcus maripaludis S2, and propagated 22 initially isogenic planktonic cocultures for 1,000 generations in medium with lactate but no sulfate or added hydrogen. In this environment, neither species can gain energy from the oxidation of lactate without syntrophic cooperation.
Within the first 300 generations of evolution, the cocultures evolved increased stability, higher yields, and higher growth rates, with both species contributing to these changes (6), a trend that continued through 1,000 generations. We describe a common evolutionary outcome of these experiments. Many of the independently evolved D. vulgaris accumulated loss-of-function mutations in genes required for the reduction of sulfate, suggesting strong selection for mutations resulting in loss of the ability to respire sulfate during evolution in syntrophy.
Results
Changes in Growth Rate and Yield of 1,000-Generation-Evolved
Cocultures. Within the first 300 generations of evolution, both D. vulgaris and M. maripaludis populations acquired mutations allowing them to improve the growth rate and yield of cocultures (6) . We tested whether there were further improvements in these populations after 700 additional generations of evolution by pairing D. vulgaris and M. maripaludis populations from 1,000-generation cocultures with their unevolved ancestors. Sulfite was used to isolate the D. vulgaris populations (23) instead of sulfate, which had been used in previous studies (6) . The 1,000-generation-evolved cocultures had much faster growth rates and higher yields than the ancestor, whether Table S1 ; F (3,60) = 348.3, P < 0.0001] and yield [ Table S1 ; F (3,321) = 474.0, P < 0.0001], and the relative impact of evolved D. vulgaris or M. maripaludis on coculture growth differed depending on whether they evolved in the uniform or heterogeneous environment [ Table S1 ; F (3,60) = 7.59, P = 0.0002; and yield, Summary of Observed Mutations in Evolved Cocultures. To identify the mutations responsible for these increases in absolute fitness after 1,000 generations of evolution, metagenomic sequences of 13 of the 22 evolved cocultures were determined. One of the most striking results from this sequence data was repeated evolution across populations, of mutations in genes that are required for sulfate reduction, and are hence important for an independent lifestyle in D. vulgaris (Fig. 2) . Ten out of the 13 evolved cocultures characterized by resequencing contained D. vulgaris populations with nonsense or frameshift mutations that would effectively inactivate one or more of three genes required for the first two steps of sulfate reduction: (i) activation of sulfate with ATP by the sulfate adenylyl transferase (Sat), and (ii) reduction of the activated sulfate to sulfite by the adenylyl-sulfate reductase (ApsAB; Fig. 2 ). Fig. 2 shows that most of these loss-of-function mutations were at high frequency in their respective populations (>40%) and some of the evolved populations had loss-of-function mutations in more than one of these three genes.
We then determined whether mutations in these genes were also common in the nine evolved cocultures that were not characterized by genome resequencing. The genes for ApsA, ApsB, and Sat were sequenced by the Sanger method from PCR products. This method is unlikely to detect mutations at low frequency in the population, but high-frequency mutations could be detected. At least four additional evolved cocultures had acquired loss-of-function mutations (Table S2) . One of these (U10) had three sulfate respiration (SR)-negative mutations that were nearly identical to those observed in U9, suggesting the possibility of cross-contamination, and is therefore not considered a completely independent evolutionary event. Thus, a total of 13 of 21 independently evolved cocultures accumulated at significant frequency loss-of-function mutations in the pathway of sulfate respiration. The final step in the pathway for sulfate reduction is the reduction of sulfite to sulfide by the dissimilatory sulfite reductase, composed of three proteins. DsrA and DsrB are the active subunits of this enzyme, and DsrC is thought to play a key role in electron transfer from a transmembrane complex (DsrMKJOP) to the DsrAB (24) . Interestingly, no population had any kind of mutation in either the dsrA or dsrB gene. However, 8 of the 13 populations initially sequenced had missense mutations in dsrC, and Sanger sequencing detected mutations in 2 of the 9 remaining lines. No nonsense or frameshift mutations were detected in dsrC ( Fig. 2 and Table S2 ). We also looked for mutations in several other genes thought to be involved in sulfate reduction, including three permeases (DVU0053, DVU0279, DVU1999), PpaC (DVU1636), QmoABCD (DVU0848-0851), DsrMKJOP (DVU1290-1286), and a regulator thought to be involved in sulfate reduction (DVU0916). A missense mutation in the regulator DVU0916 was at 88% frequency in population U8 and 45% of population U4 harbored a missense mutation in the permease DVU1999 (Table S2) . No mutations were found in any of the other 13 genes.
To put these data about parallel evolution of the sulfate respiration pathway in perspective, each D. vulgaris population had, on average, about 34 genes (highest, 48; lowest, 15) that harbored nonsynonymous mutations and 5 genes with synonymous mutations (11 highest; 2 lowest) at a frequency of 50% or higher. Some mutations were exactly the same in all or most populations, suggesting they were present in the ancestral population. Apart from this standing genetic variation and the alleles in Fig. 2 , parallel evolution of new alleles across six or more populations (frequency of >20% per population) was observed for nine genes having a variety of functions. None of these genes were part of the same metabolic pathway. Thus, the sulfate reduction pathway was the metabolic pathway most commonly targeted by evolution in syntrophy in these experiments, comprising 25% of the 12 genes showing highly parallel evolution (across 6 of the 13 populations sequenced).
These data strongly suggested that most of the D. vulgaris population in several lineages was no longer able to reduce sulfate, but the sequence data also showed that some genotypes with functional sulfate reduction machinery were still present in most of the evolved cocultures. We could readily isolate sulfate-reducing D. vulgaris from every evolved coculture even after 1,300 generations of evolution. Some of these SR-positive subpopulations grew faster and had higher yield than the ancestor on lactate and sulfate at 1,000 generations (Fig. S1 ). To verify that nonsense mutations in sulfate reduction genes actually result in a SR-negative phenotype, dilution-to-extinction experiments were used to obtain cocultures likely to have only one genotype of each species. Eight evolved cocultures (H2, H4, H6, H8, H10, U9, U8, and U12) that varied in the combination of mutated sulfate reduction genes (including one predicted to have no mutations in these genes) were diluted to extinction using a 10-fold dilution series of stationary-phase cultures (containing ∼5 × 10 8 cells per mL). The highest dilution showing growth (generally 1 × 10 7 -to 1 × 10 10 -fold diluted) was diluted again to extinction and the coculture originating from the highest second dilution series was studied. These simplified evolved cocultures were used to verify losses in sulfate reduction by transferring inocula to medium with sulfate and antibiotic to suppress methanogen growth and then monitoring growth for at least 4 wk. We obtained dilution lines that were unable to reduce sulfate from four of the eight cocultures diluted. An additional coculture (H8) had a dilution line that gave mixed results from multiple tests of growth on sulfate.
The presence and genetic linkages of the mutations in the simplified cultures was evaluated by Sanger sequencing of PCRamplified products (primer sequences in Table S3 ). The SRnegative phenotypes observed in end-point dilutions (EPDs) from H2, H6, U9, and U12 were correlated with the presence of lossof-function mutations in genes for sulfate reduction in these same dilution lines. Every EPD-coculture from evolved line H10 had a missense mutation in dsrC, but no mutation in apsB, and these cocultures grew on lactate and sulfate. In populations harboring more than one mutation in genes required for sulfate reduction (U9, U12, H2, H6, H8, H10), all of these mutations were linked on the same genetic background, except in cocultures U12 and H10. This result is consistent with the frequency data (Fig. 2) , which shows that, in U9, H2, H6, and H8, both sulfate respiration Table S5 ), and asterisks (*) indicate a significant difference between the EPD and the evolved coculture from which it was derived after a sequential Bonferroni correction (P < 0.05 for all 11 tests in the panel).
mutations are over 50% frequency and therefore must be on the same genetic background, but the frequencies in U12 and H10 (DsrC mutation is 10%) are much lower, adding up to 100% or lower. 4 ] were all highly significant (P < 0.0001) . As expected based on the results in Fig. 1 , all cocultures containing evolved D. vulgaris or M. maripaludis grew faster and had higher yield than the fully ancestral coculture (Fig. 3) . The effects on coculture growth of removing sulfate reduction genes were mixed and mainly apparent in pairings with the ancestral M. maripaludis. Cocultures containing mutants with deletions of sat grew more slowly than their wild-type counterpart with both the ancestral and evolved M. maripaludis (Fig. 3A) . The mutant with deleted apsAB also appeared to grow more slowly when paired with the ancestral methanogen, but this difference was not significant after a sequential Bonferroni correction. Despite these slower growth rates, all three deletion mutants paired with the ancestral M. maripaludis obtained a slightly higher yield than the wild-type D. vulgaris. The apsAB and qmoABCD mutants exhibited faster growth and a slightly higher yield when grown in monoculture on sulfite but not thiosulfate (Fig. S2) . Thus, the putative beneficial effects of SR-negative mutations on fitness in syntrophy likely are dependent on other mutations in the evolved D. vulgaris population, or even on mutations in the evolved M. maripaludis. We then assessed the impact of the native SR-negative mutations in their native environment by comparing the growth of SR-positive EPD cocultures with SR-negative EPD cocultures derived from the same evolved community (Fig. 4) . In every case, coculture growth rate, yield, or both, of SR-negative EPD cocultures differed significantly from SR-positive EPD cocultures (contrast; H 0 : mean SR-positives = mean SR-negatives; for growth rate, P < 0.0001 for U9 and H6, P = 0.0040 for H2; for yield, U9, P = 0.0066, H6, P < 0.0001, H2 = 0.6483; all except the last contrast were significant under an experiment-wide P < 0.05: see Table S5 ). SR-negative EPD cocultures consistently had lower yield than SR-positive EPD cocultures, although this difference was not always statistically significant. However, in two out of three evolution lines tested (U9 and H2), the SR-negative cocultures grew significantly faster than the SR-positive cocultures. In evolved line H6, the SR-positive cocultures grew faster than the SR-negative cocultures.
Discussion
There are numerous examples of species that have evolved to be specialized for mutualistic interactions, often to the detriment of their ability to survive independently (1, 2). However, there are few, if any, empirical observations of this happening in real time. Here, we show that, within the first 1,000 generations of adaptation to a new mutualistic interaction, D. vulgaris populations frequently became dominated by mutants that had lost their capacity to grow independently by reducing sulfate, severely restricting the conditions under which they could hypothetically survive outside of their interaction with the methanogen. This observation was based on finding repeated evolution of loss-of-function mutations in genes required for sulfate reduction, and by confirming the phenotypic effect of these mutations in evolved subpopulations. In two out of the three evolved communities tested, subcommunities populated by SR-negative genotypes grew substantially faster than those with SR-positive genotypes. Cocultures composed of D. vulgaris mutants with markerless deletions of the sat, apsAB, or qmoABC genes had slightly higher yield compared with their wild-type progenitor when paired with the ancestral M. maripaludis, but had similar or slower growth rates.
In population genetics, there are two general explanations for the loss of an unused trait during evolution. It can be lost by natural selection because of a genetically based trade-off where the same gene affects both the unused trait and another trait that is beneficial in the evolution environment. Mutations that improve the beneficial trait simultaneously cripple the unused trait, causing it to be lost because of natural selection on the genetically linked beneficial trait (26, 27) . Such trade-offs explain (for example) losses in the ability to metabolize single-carbon compounds in Methylobacterium after extended evolution with succinate (28) . An alternative explanation for loss of an unused trait is that it occurs by the chance accumulation of mutations in genes required for its proper functioning (27, 29) . Mutations in the trait are neutral with respect to fitness and hence accumulate as a result of neutral processes, as observed in insect endosymbionts (30) and in losses in Bacillus spore production (31) . Because there is no selection to increase or decrease the frequency of these mutants in a population, the timing of loss of the unused trait is determined by the mutation rate and population size (29, 31, 32) . Thus, in a large population, it may take thousands of generations for any particular neutral mutation to become fixed after its emergence. In contrast, genetic trade-offs will cause a nonrandom loss of the trait that may repeatedly occur early in the process of adaptation to a new environment (27, 29) .
The metagenome sequencing data reported here are most consistent with the hypothesis that sulfate respiration capability was lost due to natural selection. First, evolutionary losses occurred early, within less than 1,000 generations, and were highly parallel; at least 13 of 21 sequenced, independently evolved communities acquired nonsense or frameshift mutations in one or more of three genes required for the reduction of sulfate to sulfite: sat, apsA, or apsB. Moreover, in 7 of the 10 populations for which such data are available, the loss-of-function allele comprised at least 50% of the D. vulgaris population (Fig. 2) . The probability of fixation of a strictly neutral mutation u, is 1/(2N), where N is the population size (32). In our experiments, this means that, if one of these sulfate reduction mutations is neutral, its probability of fixation is 1 in ∼2 × 10 10 (∼5 × 10 8 cells per mL times 20 mL). We observed at least 19 mutations (based solely on the metagenomic data in Fig. 2 ) in four genes change in frequency from 1 in ∼1 × 10 10 to a frequency of 1/2 or higher within 1,000 generations. The probability of observing these changes if each of these mutations is neutral and each evolutionary change is independent, is 1 in (1 × 10 10 ) 19 (mutant population size is 0.5 of total). Alternatively, these mutations could have hitchhiked repeatedly with beneficial alleles, but, unless the mutation rate in these genes is exceptional, it is unlikely that this occurs so often in these particular genes and not others (33) .
Although the metagenomic data suggest a fitness benefit to losing sulfate reduction ability in the syntrophy environment, the nature of that benefit is unclear. Walker et al. (34) observed that sulfate reduction genes were highly expressed even during syntrophic growth in the absence of sulfate, suggesting that some components of the sulfate respiration pathway, such as the DsrABC system of electron transfer, are abundant during syntrophic association. Retention of all pathway components may somehow interfere with the capacity for energy acquisition through syntrophy. If so, then deleting these genes in wild-type D. vulgaris should increase absolute fitness (population growth rate and yield in absence of competitors) in syntrophy. However, in the experiments with constructed mutants reported here, deletion of genes for the Sat and the ApsAB caused similar or slower coculture growth and small but significant increases in yield with the ancestral M. maripaludis. These results are consistent with the possibility that functional ApsAB, QmoABCD, and Sat genes may impose a cost on the amount of cellular material that can be produced from a finite lactate concentration in syntrophy. However, because growth of the cocultures was slower, more experiments are necessary to determine why and how SR-negative genotypes were selected in an environment where lactate was regularly supplied in abundance.
There are several alternative explanations for repeated selection of SR-negative alleles. In the evolution experiment, the sat and apsAB genes were not deleted, but many of the nonsense and frameshift mutations occurred near the beginning of the gene. It is possible that the fitness benefit requires a piece of the nonfunctional protein, and thus the full effect was not observed with the constructed deletion mutants. Alternatively, the loss of functional sulfate reduction pathway proteins may affect competitive ability in the presence of SR-positive genotypes, with smaller effects on absolute fitness. Another possibility is that the genetic context (either in the same D. vulgaris genome, or other D. vulgaris and M. maripaludis genomes) in which these lossof-function mutations occur affects their contribution to fitness. In support of this possibility that other mutations in the same D. vulgaris genome affect SR-negative fitness, higher absolute fitness of SR-negative compared with SR-positive evolved subpopulations was observed for two out of three evolved communities that were tested. Other data suggested that the methanogen genotype affects SR-negative fitness. The growth rate of cocultures with the SR-negative D. vulgaris subpopulation of H2 varied considerably when paired with a M. maripaludis from the same subcommunity vs. the M. maripaludis from a SR-positive subcommunity (Fig. 3) . Finally, SR-positive genotypes could readily be recovered from all evolved cocultures through at least 1,300 generations of evolution. This persistence of SR-positive D. vulgaris may indicate a frequency-dependent interaction between SR-negative and SR-positive D. vulgaris in the same coculture.
Although our results point to a complex evolutionary interplay between species during adaptive evolution, this model system now provides an experimental system to develop a fundamental mechanistic understanding of how syntrophies and other mutualisms evolve. In particular, the data address the evolutionary origins of facultative vs. obligate syntrophy in anaerobic food webs. There are several well-studied species that are considered specialized for syntrophy because they have little or no capacity for respiration (10, 12, 13) . Most of these specialized syntrophs (and other facultative syntrophs) share common ancestry with sulfatereducing bacteria (10) , and some retain genes associated with sulfate respiration (11) . These observations suggest a propensity for sulfate-reducing bacteria toward syntrophy, and that sometimes extended evolution in syntrophic association results in the loss of sulfate respiration ability. Here, we demonstrate the plausibility of this hypothesis by directly observing the loss of sulfate respiration capacity in model syntrophic communities that were evolving to become faster growing and more productive associations. Moreover, our observations show that SR loss can occur due to natural selection, an insight that may be difficult to obtain from natural populations alone because of uncertainty in the timing of the loss and the number of times loss did not occur. This result helps us understand the evolution of syntrophy in the natural world and also deepens our understanding of the limits of metabolic flexibility in sulfate-reducing bacteria (17) .
More broadly, our results provide a rare empirical example of populations becoming more dependent on a mutualistic interaction during their adaptation to conditions requiring their cooperation. Respiration of sulfate is a key metabolic feature of Desulfovibrio and other sulfate-reducing genera that allows them to thrive in diverse environments (15, 17) . Although D. vulgaris can still grow by respiring sulfite or thiosulfate, its options for growth outside syntrophy would likely be limited in many environments. This increased dependence on another species for survival is an important possible step in the process of adaptation to mutualism after the origin of the beneficial association. Species that depend on their mutualistic partner for survival are less likely to abandon the association (3, 35) and are also more vulnerable to the ecological conditions that threaten the abundance of their partner (36) . Although the evolutionary history of some obligate mutualisms has been studied extensively (1, 2) , the physiological, ecological, and genetic factors that affect their evolution (vs. facultative associations) are not yet well understood (3, 35, 37) . We anticipate that this model laboratory system, by providing real-time observation of evolutionary processes leading to increased dependence on a mutualistic interaction, will help us to understand more generally how mutualisms evolve (37) .
Methods
Strains and Culture Conditions. The strains, culture conditions, and measurements of growth rate and yield of evolved cocultures were the same as described previously (6) . Twenty-four cultures containing D. vulgaris Hildenborough clone D1 or D2 and M. maripaludis S2 clone M1 or M2 were propagated for 1,000 generations, by 152 weekly 100-fold dilutions into coculture medium A (CCMA) in Balch tubes that were either incubated upright without shaking, or in a horizontal position with constant shaking at 300 rpm (SI Methods). ancestral, whereas E indicates the strain was evolved). Three days after the populations reached stationary phase, 1% of the coculture volume was transferred into fresh CCMA tubes, in duplicate, and the OD 600nm was recorded every 3-6 h until the cultures reached stationary phase, as determined by at least three consecutive measurements of equivalent or declining OD. This growth experiment was repeated twice, with two replicates each time, yielding four independent measurements of growth rate and yield for each coculture pairing. Coculture growth rate was the slope of the linear portion of the curve of ln (OD 600nm ) vs. time, and yield was the maximum OD attained by the coculture.
Measurement of Growth
Sequencing and Identification of Mutations in Evolved Cocultures. Metagenomic sequences of 13 of the 22 evolved cocultures were determined using the Illumina platform. DNA was extracted with the Epicentre Masterpure kit. Illumina libraries were prepared with the Nextera DNA library preparation kit (Illumina) according to the protocol of the manufacturer. Sample libraries for sequencing were prepared according to the MiSeq Reagent Kit Preparation Guide (Illumina). The resulting raw Illumina sequences were aligned to the reference D. vulgaris (NC_002937, NC_005863) and M. maripaludis (NC_005791) published genomes using the breseq pipeline (38) . See SI Methods for more details about the sequencing methods and alignment.
Construction of Markerless Deletion Mutants. The sat (DVU1295) deletion mutant (JW9271; see Table S6 for strains and plasmids used in this study) was constructed at the University of Missouri in a similar manner as described previously (39, 40) . A detailed description of mutant construction can be found in SI Methods. In short, two plasmids were used for construction: pMO9268 (the "marker-exchange plasmid") and pMO9270 (the "markerless deletion plasmid"). Transformed cells were cultured in MOYLS3 medium (25) . One of the marker-exchange isolates (JW9269) was electroporated with pMO9270, recovered, and plated in the presence of 5-fluorouracil, which selects for cells that no longer have the marker. Strains were confirmed by Southern blot verification hybridization. Construction of the apsBA (DVU0846-7) deletion mutant (JW9259) and the qmoABC (DVU0848-50) deletion mutant (JW9263) was accomplished in a similar manner to the sat deletion mutant. The plasmids pMO9256 and pMO9260 (marker-exchange apsBA and qmoABC, respectively), pMO9258 and pMO9262 (markerless-deletion apsBA and qmoABC, respectively), and intermediate strains JW9257 and JW9261 (markerexchange apsBA and qmoABC, respectively) were also made.
All PCR products were amplified (see Table S2 for primers) with Herculase II (Life Technologies) and assembled together by sequence and ligationindependent cloning (41) using cells supplied by Bioline. Putative constructs were sequenced (DNA Core, University of Missouri) to confirm the correct sequences for regions necessary for homologous recombination.
Mutant Experiment Methods. Freezer stocks of the following cultures were inoculated into Balch tubes containing the appropriate medium and allowed to grow to stationary phase: apsAB, qmoABC, sat deletion mutants and strain JW710, which was used to make the deletion mutants; two EPDs of evolved coculture line H2 after 1,000 generations; the D. vulgaris ancestor for the H2 line; and the M. maripaludis ancestor for the H2 line. Once in stationary phase, cocultures were separated into their constituent partners, as described above. One EPD coculture was SR-negative (its D reached stationary phase, they were transferred into three tubes of fresh CCMA, and their OD at 600 nm was recorded every few hours until they once again reached stationary phase. Coculture growth rate and yield were calculated as above.
Measurement of Growth Rate and Yield of SR-Positive and SR-Negative
Cocultures. Triplicate growth experiments were set up in 20-mL CCMA Balch tubes from glycerol freezer stocks for three EPDs from H2 and four EPDs from H6 and U9 lines, as well as the evolved and ancestral cocultures from which they were derived. These lines were transferred twice after growing up to stationary phase to allow for stable growth, and then their optical density was measured at 600 nm every 2 h.
